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By Harold J. Schm, Donald A .  Petrash, and Elmer H. Davison 

An experimental  radial-survey  investigation of the 511-97 three- 
stage turbine equipped  with a first stator having a t h r o a t  area 87 
percent of the  design value was conducted at one turbine  operating 
point. The first-, second-,  and third-stage mass-averaged eff ic iencies  
were 0.897, 0.843, and 0.755, respectively. The corresponding  over-all 
turbine efficiency was 0.856. 

The r e su l t s  of the  87-percent  turbine  survey  investigation, when 
compared with  corresponding  results  obtained f'rom previous  investigations 
conducted on the same turbine bvk having f i r s t - s t a to r  areas 70 and 97 
percent of design,  indicate that the interstage  flow  conditio-  varied 
considerably,  but  the  over-all  turbine  efficiency for a l l  three turbine 
configurations remained constant at about 0.86. 

4- 

INTRODUCTION 

The ef fec t  of first-stator throat   area changes on the component 
performance of an  experimental J71 three-stage  turbine is current ly  
being  investigated at the  HACA Lewis laboratory. The over-all perform- 
ance character is t ics  of this turbine, when equipped with first s t a to r s  
whose throat  areas w e r e  nominally 70-, 87-, 97-, and 132-percent  of the 
design area, are reported  in  references 1, 2, 3, and 4, respectively. 
Over this wide range of first-stator area ad&stment, the maxirmrm ob- 
tained  over-all   turbine  efficiency w a ~  high,  varying by only 2 points, 
between 0.87 and 0.89. 

a 

A compressor-turbine  match-point analysis w a s  conducted in  reference .. 4, based on an  arbi t rary mode of engine  operation during which the 
compressor was maintained a t  constant  equivalent  design  conditions. The 
70- and' the  97-percent  turbines were then  operated at or  near this match 
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point, and the'interstage  flow  conditions were investtgated  in  an  effort  
t o  determine the changes i n  flow effected  by  these  f i rs t -s ta tor  area 
changes.  These r e su l t s  are presented in   references 5 and 6. The object 
of the  subject  report is to   p resent   the  results of a similar survey  in- 
vestfgation conducted on the  87-percent  turbine when operated a t  i ts  
turbirre match point. The r e su l t s  of this   invest igat ion are compared 
with  those  previously  obtained with the 70- and the 97-percent  turbines. 
For all. three  turbine  configurations, however, it should be s ta ted  that 
the   resu l t s  are not  considered  quantitative;  but,  because  the methods 
used were similar for   a l l   three  invest igat ions,   they can be interpreted 
as indicating  trends of coqa ra t ive  performance. 

The following Symbols are used i n  this report  : 

C blade chord, f t  

P pressure,  lb/sq f t  

S blade  spacing, f t  

T temperature, OR 

B r e l a t ive  f l o w  angle (measured from axial direction),  deg 

7 efficiency  based on measured t o t a l  temperatures and pressure8 

d so l id i ty ,   r a t io  of actual  blade  chord t o  blade  spacing,  c/s 

loss coefficient,  (p: - pg)/ Cp! - po) 
Subscripts: 

i i n l e t  

0 out l e t  

measuring s ta t ions  (see f tg .  2) 

Superscripts: 

1 stagnation o r  total state 

I t  relative stagnation or  t o t a l   s t a t e  
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The f i r s t - s t age  stator of the 97-percent turbine w a s  replaced w i t h  
one having a throat  area 87 percent of the  design  value f o r  this invest i -  
gation. This area change w&s obtained  by  resetting  the  stagger  angle of 
the  design blade profi les .  The t e s t   i n s t a l l a t i o n  used far the subject 
turbine  survey  investigation (fig. 1) was the same as that used i n  the  

0 
M '  

0 70-percent and the 97-percent  survey  investigations. The over-all  test 

+ setup is described  in  detail   in  reference 7, but ,   for  a l l  three  survey 
investigations,  the  turbine was modified to incorporate  third-stage r o t o r  
shrouding as described in   reference 6. 

% 
(d A schematic diagram of the  turbine showing the ax ia l  and circumfer- 
P ent ia1  locat ion of the  instruments is given in   f igure  2. Radialmeasure- 
r;' 
0 conibination  probes mounted i n  remotely  controlled movable actuators. M 

ments of total   pressure,  total temperature, and flow angle were made using 

With a combination probe (fig. 3 (a) >, data were obtained at the  turbine 
in le t   ( s ta t ion  1, f ig .  2 )  and a t  the out le t  of each  succeeang s t a t o r  
blade row a t  a  single  circmderential   posit ion.  A t  t h e   o d l e t  of each 
rotor  blade row, these data were obtained f r o m  two actuators located at 
different  circumferential   posit ions.  In addition t o  the total-pressure, 
total-temperature, and angle measurements, radial measurements of s t a t i c  
pressure were made by replacing the combination probes with static- 
pressure wedges of the  type  shorn i n  figure 3 (b). 

METHODS AND PROCEDURE 

Turbine  matching character is t ics  were determined f o r  the  subdect 
87-percent turbine i n  reference 2, based on an assumed engine mode of 
operation during w h i c h  the compressor is maintained at constant  equivalent 
design  conditions. The survey  investigation of this turbine was con- 

output of 34.17 Btu  per pound, sfhich closely approximated the turbine 
match requirements of reference 2. The turbine-inlet  total pressure 
and  temperature were nominally 35 inches of mercury absolute and 7000 R, 
respectively. 

(. 

" ducted at   the   equivalent  match speed of 3088 rpm and an equivalent work 

A t  the   out le t  of the f i rs t -s tage  s ta tor   (s ta t ion 2, f ig .  2) , the 
radial static-pressure  variation was obtained by as.suming a l inear  va r i -  
a t i on  between the  average of the values measured by the w a l l  s t a t i c  taps 
on the  inner and outer  shrouds  rather than by usfng values  obtained from 
the  static-pressure wedge. This procedure wa6 necessitated  by the f a c t  
that the  f i rs t -s ta tor-out le t   absolute  Mach nmiber was considerably 
greater  than that f o r  which the static-pressure wedge produces r e l i ab le  

s ta t ions  was obtained f r o m  the static-pressure wedges. Where duplicate 

R 

I resu l t s .  The radial variation of s ta t ic   pressure at a l l  other measuring 
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s e t s  of measurements were obtained  behind  each  rotor,  the measurements 
were numerically  averaged a t  t h e i r  corresponding radial   posi t ions.  A l l  
parameters  used i n  this  report   to  describe  the  internal  f low  conditions 
through  the  turbine were calculate6 by the procedures  described i n  
reference 6.  

RESULTS AND DISCUSSION 

The in te rna l  f low conditions  are  presented  herein i n  terms of stage 
work parameter &I f /Tt  and stage  efficiency q as functions of a n n u b  
flow area. Over-all  turbine performance characterist ics,   based on 
turbine-inlet  and turbine-outlet measurements, are included. I n  addition, 
the  radial   var ia t ions of Mach number and flow  angle 85 observed  behind 
each blade row are  presented. The corresponding r e su l t s  of the survey 
investigations of the  70-percent  turbine  (ref. 5) and the  97-percent 
turbine  (ref. 6)  are  shown herein i n  order that the  stagewise  radial  
variations of all these  parameters  with changes in   f i r s t - s t a to r   t h roa t  
area can be  noted. For ease in the  ensuing  discussion,  each of these 
parameters is discussed  individually. 

Work Parmeter 

Figure 4(a) presents   the  radial   var ia t ion of the  stage work param- 
eter M"/Tt with  percent of rotor-olrtlet  annular  area  for  the 87- 
percent  turbine.  Included i n  th i s   f igure  i s  the  over-all   turbine work 
parameter,  based on turbine-inlet  and -outlet  temgerature measurements. 
Indicated on the  ordinate of each  curve is the mass-aversged value of 
work parameter. A l s o  shown are eimilar results from the  70-percent tur- 
bine  (ref. 5) and the 97-percent  turbine (ref. 6)  investigations. 

For  any pa r t i cda r   s t age ,  no congarison of the magnitudes of the 
work-parameter curves  (fig. 4(a) ) for  the  three  turbine  investigation8 
can be r e a l i s t i c a l l y  formulated,  because  the  turbine match-point  equiva- 
l e n t  work at which a l l  three  survey  investigations were conducted was 
different (see f ig .  9, ref. 2). However, the mass-averaged values of 
the work parameter for each  stage  represent a percentage of the  over-all 
turbine work output. A comparison of th i s   s tage  work division f o r  the 
three  turbine  survey  investfgations is smmrized  in  the  following table: 

Stage 
70-Percent 

Stage work division,  percent 

(ref. 6)  (ref. 5) 
turbine  turbine  turbine 
97-Percent 87 -Percent 

F i r s t  

24.8 23.3 29.4 Third 
32.3 29.7 20.8 Second 
42.9 47.0 49.8 

r n  

" . 
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AS the   f i r s t - s ta tor   th roa t   a rea  w a s  reduced, the percentage work output 
of the  first stage of the turbine w a s  increased a t  the turbine  operating 
match point. Conversely, the percentage work output of the  second stage 
waa decreased. Not  much change i n  the  third-stage percentage work output 
occurred u n t i l  the f i r s t - s t a to r  area WBB reduced t o  70 percent of design. 
For this turbine  configuration the third stage was highly  loaded  because 
the  turbine w a s  operated very  near  limiting  loading. 

Spanwise, the trends of the work-parameter curves  (fig.  4(a) ) f o r  
the 87-percent  turbine are, in  general, similar to  those  observed  for 
the  97-percent  turbine. Regions of low work parameter pe r s i s t  near  both 
the hub and t i p   f o r  a l l  blade rows, and t h i s  is natural ly  reflected i n  
the same trend for the over-all  work-parameter curve. 

Efficiency 

The spanwise variation of stage and over-all ef f ic ienc ies   for  the 
87-percent turbine i s  shown i n  figure 4(b),  along w i t h  the  corresponding 
curves for   the  70- and 97-percent  turbines. Mass-averaged values f o r  
t he  87-percent  turbine  are  indicated on the ordinate of each  curve. I n  
general,  the radial eff ic iency  t rends for all the cmves  are similar, 
w i t h  regions of lower efficiency near the hub and t i p .  It w i l l  be noted, 
however, that ,   al though  there i s  quite a variation of individual  stage 
eff ic iency  character is t ics  for the three turbine configurations,  not 
much change can be observed in   the   over -a l l  t u r b i n e  efficiency. 

To better observe the stwe and over-all  turbine-efficiency va r i a -  
t ions,  the mass-averaged values f o r  a l l  three turbine  configurations 
are listed i n  the followfug  table : 

Stage 

F i r s t  
Second 
Third 

Over -a l l  

Stage  and  over-all  turbine  efficiencies 

.755 .784 

0.865 I 0.856 I 0.858 1 
It is apparent  from t h i s  table tha t   t he  mass-averaged f i r s t - s tage  effi-  
ciency is relatively constant f o r  a l l  three turbine  configurations, 
even  though the  throat  area of the f i rs t  s t a to r  was varied from 70 t o  97 
percent of the  design  area.  This  area change corresponds t o  a t o t a l  
change i n  the stagger angle of the design blade p ro f i l e  of about 8- lo 

{see fig. 7, r e f .  2). There are considerable changes i n   t h e  second- and 
third-stage  efficiencies w i t h  f i r s t - s ta tor   th roa t  area, however. 

. 
2 
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It is interest ing  to   note  that the trends of the efficiency data 
with f irst-stator  throat  area  follow  the same patterns  as  those  observed 
for the  stage work division; that is, as the  stage work dis t r ibut ion 
either increased o r  decreased w i t h  f i r s t - s t a t o r  area, the  stage  efficiency 
values  varied  similarly. Although both parameters varied  considerably 
f o r  the three  turbine  configurations, the mass-averaged turbine  over-all 
efficiency remained  almost constant  at  0.86. 

Interstage Flow Velocities and Angles 

The rad ia l   var ia t ions  of the  absolute and re la t ive  Mach numbers and 
flow  angles  entering and leaving  each  rotor  blade row are  presented i n  
f igure  5 for the subject  tmbine and the two reference turbines. A l s o  
included  are  the radial variations of the design  values as obtained from 
the  design  velocity diagrams presented i u  reference 8. I n  general,  the 
absolute and r e l a t ive  flow  angles a t  the i n l e t  and out le t  of the first- 
stage rotor  (fig. 5 (a) ) are  of the s- order of magnitude as those ob- 
ta ined   in   the  97-percent  turbine. The re l a t ive  flow angle at the  rotor  
inlet   indicates  that an angle of incidence  (defined as the  deviation 
from the  design flow angle) on the order of 6O t o  8O is present on the 
f i rs t -s tage  rotor .  The absolute  rotor-outlet flow angle  indicates  that 
the  second-stage  stator is operating w i t h  an incidence  angle of about 8' 
t o  12O over most of the blade span. 

The absolute and re la t ive  Mach nuuibers at the out le t  of the f i rs t  
s t a to r   ( i n l e t   t o  the f i r s t  ro tor )   for   the  87-percent  turbine are con- 
siderably  greater  than  the  design  values. As would be expected,  these 
Mach nmibers are higher t h a n  those  obtained from the 97-percent  turbine 
survey, and lower than  those  observed i n   t h e  70-percent turbine investi-  
gation. The .radial variations and  magnitudes of the Mach nmibers a t  the 
out le t  of the 'Tirs t -s tage  rotor  are similar t o  those  observed in  both 
reference  turbine  investigations. 

Figure 5 (b) shows that the absolute and r e l a t ive  Mach n w e r s  at 
the i n l e t  and out le t  of the second-stage ro tor   for   the  87-percent  turbine 
have the same, general radial character is t ics  as the two reference tur- 
bines .  However, the 87-percent  turbine Mach number curves  closely 
approach the  deeign Mach nmiber. .distribution,  particularly when compared 
with  the  corresponding  curves for the 70-percent  turbine.  In  general, 
the seine comments pe r t a in   t o   t he  flow-angle  distribtrtiona shown i n   f i g -  
ure 5 (b) . That the  Mach  nrmiber and f low-angle data f o r  the 70-percent 
turbine  are   far thest  removed from the  design  distribution may be a con- 
t r fbutfng  factor  t o  the low second-stage  efficiency  for  this  turbine, 
as noted i n  the aforementioned efficiency  tabulation. 

The re l a t ive  flow angle at the rotor  i n l e t  f o r  the second stage of 
the 87-percent  turbine (fig. 5(b) ) indicates that a small amount of 



W A  RM E57B16 7 

0 
M 
0 

incidence is present   in  the hrh and t ip   reg ions  of the blade span. The 
absolube ou t l e t  flow angle on this curve indicates that incidence  angles 
on the  order of 4' t o  16' ex i s t  on the third-stage  stator a t  the turbine 
operating match point. 

Figure 5(c) indicates that the radial variations of Mach numbers and 
flow  angles at the third-stage-rotor i n l e t  far a l l  three  turbine  config- 
urations are slmilar. The l e v e l s  of the  Mach n M e r  curves fo r   t he  87- 
percent  turbine are reasonably similar t o  those  observed  for the 97- 
percent  turbine (ref. 61, w i t h  the subject  turbine m o r e  closely approaching 
the design values. The relat ive  inlet   f low  angle   indicates   that   the  
third-stage  rotor of the  87-percent turbine is operating with an angle 
of incidence on the order of 4 O  t o  8' over most of the blade span. The 
flow  angles at the  turbine outlet  are  near  the  design  values  except  for 
a limited region of underturning  near the blade t i p .  

Loss Function 

The variat ion of the  stage loss m c t i o n  (E cos p)/u with  percent 
rotor-ouhlet  annular mea is presented  in figure 6 f o r  a l l  three stages 
of the  87-percent  turbine, the 70-percent  turbine (ref. 5), and the  97- 
percent  turbine (ref. 6).  The stage loss function E is the re l a t ive  
total-pressure drq a c r o s ~  the ro tor  divided by the difference between 
the r e l a t ive   i n l e t   t o t a l   p re s su re  and the static pressure at the   ro tor  
ou t le t  and, for  any particular  stage,  assumes there is no total-pressure 
loss in   the   s ta tor .   F igure  6 indicates   that  the l eve l  of the loss -  
function  parameter curve fo r   t he  f lrst stage of the 87-percent  turbine 
is lower than the corresponding curves f o r  the two reference  turbines. 
I n  general, the Level of the loss function for the second  and th i rd   s tages  
f o r  the 6191 ject turbine lies between those  observed f o r  the two reference 
turbines. The trends of the curves f o r  each stage of each turbine con- 
f igurat ion exhibit the same general   characteristfcs.  Regions of highest 

span. 

I 

. loss parameter p e r s i s t   i n  the h& and t i p  portions of each rotor  blade 

A cold-air  radial-survey  investigation of the J71 experimental 
three-stage  turbine w i t h  a f irst  stabr having a throat  area 87 percent 
of design was ccmducted a t  a predetermined  turbine  operating match point. 
The re su l t s  were compared with  corresponding  results  previously  obtained 
with the  same turb ine   f i r s t - s ta tor  throat areas of 70 and 97 per- 
cent of design. The following results were obtained: 

c 

1. The mass-averaged values of e f f ic iency   for   the  f i r s t ,  second, 
and t h i r d  stages of the 87-percent turbine were 0.897, 0.843, and 0.755, 
respectively. 
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2. Although the f i r s t - s t a to r   t h roa t  area was changed considerably, 

the  eff ic iency of the f i r s t  stage remained relat ively  constant .  The 
eff ic iency of t he  second  and third stages varied considerably  for each 
turbine  configuration, However, the  over-al l   turbine  eff ic iency  for  a l l  
three configurations remained cmstant  at about 0.86. 

." 

3. Mach nuzlibers a t  the   ou t le t  of' the first-stage s t a to r  of the 87- 
percent  turbine were considerably higher than  design.  In  general,  both 
the  flow  angle and Mach nurtiber distributions  behind  succeeding  blade row6 k 
were nearer  design than  for either the 70- OT 97-percent turbine 
configurations. . . . -- . - - " - - g  

Lewis Flight  Propulsion Laboratory 
National Advisory Committee far Aeronautics 

Cleveland, Ohio, February 18, 1957 
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Figure 2. - Schematic  diagram of fl1-87 turbine showing instrumentation. 
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F Q u r e  5. - Vsriatlon of absolute and Felatlve Haoh muuber M d  flow angle at rotor inlet  and cutlet with 
mltIulpP area. 
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Figure 5. - Continued. Variation of absolute and relative Mnoh number and flow angle at ~ o t o r  Inlet an8 
cutlet with War m a .  
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Figure 5. - Cmoluded. Variation of absolute and relativs Hach number and flow angle at ro tor  inlet and 3 
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Plgure 6. - Variation of lcras function with annular flow area. 
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